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Probing chiral dynamics by charged-pion correlations
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The environment generated in the midrapidity region of a high-energy nuclear collision endows the pionic
degrees of freedom with a time-dependent effective mass. Its specific evolution provides a mechanism for the
production of back-to-back charge-conjugate pairs of soft pions which may present an observable signal of the
nonequilibrium dynamics of the chiral order parameter.
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High-energy nuclear collisions are expected to prod
transient systems within which chiral symmetry is appro
mately restored and the matter is partially deconfined. T
identification and exploration of such a novel phase of ma
is currently a major experimental goal and the efforts ha
intensified with the recent commissioning of the Relativis
Heavy Ion Collider~RHIC! at BNL.

Through the past decade, it has been speculated tha
rapid expansion of the collision zone, after an approxim
restoration of chiral symmetry has occurred, may prod
long-wavelength isospin-polarized agitations of the pio
field, commonly referred to as disoriented chiral condensa
~DCC!, which in turn should lead to anomalies in the resu
ing pion multiplicity distribution. Reviews of this topic ar
given in Refs.@1–3#.

Initially the focus was on the expected broadening in
distribution of the neutral pion fraction~the number of neu-
tral pions divided by the total pion number! but experimental
efforts mounted to search for such a signal yielded a n
result@4,5#. It has meanwhile become increasingly clear fro
model calculations that any DCC effect is carried exclusiv
by relatively soft pions and thus the signal can be sign
cantly enhanced by limiting the analysis to those pions. U
fortunately, the neutral pions decay into photon pairs and
practically impossible to perform a reconstruction that wo
permit the determination of the individual speeds. As a c
sequence, the neutral pion fraction is less than ideal a
experimental indicator.

Nevertheless, the neutral pion fraction has received
newed attention by the recent realization@6# that it may be
enhanced by the axial anomaly in a manner that depends
characteristic way on the angle of emission with respec
the scattering plane. However, it is still an open question
what degree this interesting signal can in fact be extracted
suitable reconstruction of the photon data.

Furtunately, recent detailed dynamical calculations s
gest that there may be suitable signals that are based e
sively on the charged pions and which would therefore be
lend themselves to experimental detection. In particu
simulations within the semiclassical linears model @7# for
cylindrical sources endowed with a longitudinal Bjorke
scaling expansion identified a number of simpler candid
observables. One is the transverse spectral profile whic
expected to exhibit a marked enhancement be
'300 MeV/c due to the parametric amplification by th
time modulation of the mass. However, an experimental
0556-2813/2001/63~6!/061901~5!/$20.00 63 0619
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traction of such an effect is hampered by the contributio
from a number of additional sources of soft pions. Thus, a
observed signal may be less specific and would need to
correlated with other signatures. A more promising candid
observable identified in Ref.@7# is the fluctuation in the mul-
tiplicity of soft pions which was found to exhibit a signifi
cant anomalous increase with the order of the correlat
Since a subsequent study@8# has shown that such an effect
absent in both RQMD and HIJING~both widely used even
generators using only conventional physics input!, it appears
that this observable has a larger specificity and thus it may
worthwhile to pursue it in the data analysis.

To the above possibilities for DCC signals, the pres
communication adds a novel suggestion for an observa
that may be particularly suitable as an indicator of the p
nomenon. It is based on the key feature that the basic D
production mechanism creates neither momentum nor ch
and so a signature may exist in the form of a large-an
correlation between oppositely charged soft pions. We fi
describe the basic effect, then illustrate the signal by suita
model calculations, and finally discuss the prospects for
observability.

The initial violent collision of the two approaching nucle
is followed by a rapid expansion, which at first proceeds
the longitudinal direction and then gradually builds up tran
versely as well. The pionic degrees of freedom then exp
ence an environment that is changing accordingly. Genera
the effect of the environment can be approximately
counted for by an in-medium effective mass which depe
both on the degree of agitation and on the chiral order
rameter. Since the system is steadily cooling down while
order parameter reverts from its initial small value to its lar
vacuum value in a nonequilibrium fashion, the effective pi
mass has then a correspondingly intricate evolution, disp
ing an overall decay towards the free mass overlaid by
effect of the oscillations by the relaxing order parame
@7,9#.

Considerable insight into this coupled evolution can
gained from numerical studies with the linears model and
though the details depend on the specific treatment,
emerging qualitative picture is fairly robust. It is therefore
interest to consider what implications this type of time ev
lution of the medium-modified mass may have on the p
observables. Scenarios with a time-dependent effective m
occur in many areas of physics, for example, in connect
with the inflationary universe, and they can be treated
©2001 The American Physical Society01-1
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various degrees of refinement. For our present purpose
suffices to recognize a few general properties of such p
cesses.

In order to bring these out most clearly, we consider fi
the simple case where the environment, and hence the e
tive mass, is spatially uniform, as is approximately the c
in the interior of the collision zone. It is then obvious th
although the time dependence of the mass may generate
siderable agitation, this agency cannot add any net mom
tum. Thus any pions produced by the mechanism mus
formed pairwise and moving in opposite directions. Furth
more, by a similar reasoning, the time dependence of
mass does not add any charge, so the produced pairs mu
oppositely charged. Thus, the particles generated by an
trary time dependence in a uniform medium are char
conjugate back-to-back pairs. This basic feature may be
ploited as a probe of the chiral dynamics.

In order to illustrate the effect, we stay first with the sp
tially uniform scenario which is the simplest because
Hamiltonian decouples so that each degenerate pair of o
sitely moving modes can be considered separately.
quantum-field treatment is then relatively simple@10#. The
eigenmodes for any given value of the effective mass,m, can
be obtained by a suitable squeezing of the standard
modes. Since these modes~which we shall denote as quas
particles! diagonalize the problem for the particular value
m they provide a particularly instructive basis for the ana

sis of the evolution. We useÂk to denote the annihilation
operator for the quasiparticle modes corresponding to
initial value of the effective mass,m i . The Heisenberg rep
resentation of the corresponding time-dependent quasip
cle mode is then

Âk
n~ t !5Uk~ t !Âk

n1Vk~ t !* ~Â2k
n̄ !†. ~1!

Here the subscriptk denotes the momentum and the sup
script n56 denotes the charge state~with n̄[2n). The
time dependence of the quasiparticle operatorsÂk

n(t) derive
both from the usual Heisenberg evolution and from the c
tinual redefinition of the quasiparticle basis. The Bogoliub
coefficientsUk(t) andVk(t) are given in terms of the corre
sponding mode functions which in turn are determined
the equation of motion for the pion field. Being depende
only on the mode frequencyvk , they are the same for a
charge componentsn and for all momenta with the sam
magnitudek. The time evolution mixes particle states
forward-going positive pions with hole states of backwa
going negative pions, a reflection of the key conservat
properties.

Let us now for simplicity assume that the system c
initially be described as a thermal ensemble. The correspo
ing occupancy of a given initial quasiparticle mode is th
Nk51/@exp(vk /T)11#, whereT is the specified temperature
The expected occupancy of the mode at a later timet readily
follows from Eq.~1!:
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Nk
n~ t ! [^N̂k

n~ t !&

[^Âk
n~ t !†Âk

n~ t !&

5uUk~ t !u2Nk1uVk~ t !u2~Nk11!. ~2!

With a bit more elementary operator algebra, it is possi
to obtain the following two equivalent expressions for t
quasiparticle correlation coefficient:

sk8k
n8n

~ t ![^N̂k8
n8~ t !N̂k

n~ t !&2Nk8
n8~ t !Nk

n~ t !

5NkN̄kdn8ndk8k1uUk~ t !u2uVk~ t !u2

3~2Nk11!2@dn8ndk8k1dn8n̄dk8,2k#, ~3!

5Nk~ t !N̄k~ t !dn8ndk8k1uUk~ t !u2uVk~ t !u2

3~2Nk11!2dn8n̄dk8,2k . ~4!

In the first relation, the termNN̄ is the initial Bose-Einstein
autocorrelation for the occupancy of the given mode wh
the second term is the additional correlation introduced
the time dependence of the effective mass,m(t), and its spe-
cific form reflects the fact that the autocorrelation is i
creased in concert with the back-to-back correlation betw
charge-conjugate pairs. The last relation shows that the
sulting autocorrelation still has the familiar Bose-Einste
form, N(t)N̄(t).

It may be instructive at this point to discuss the pres
effect in relation to the medium-generated correlations st
ied by Asakawa, Cso¨rgö, and Gyulassy@11# in a different
context. In both scenarios, the starting point is a mediu
modified effective pion mass which, upon diagonalization
the Hamiltonian, causes the quasiparticle eigenmodes to
superpositions of back-to-back correlated pairs of char
conjugate free pions. If the system is assumed to disasse
very suddenly, as is being assumed in Ref.@11#, this initial
state remains unchanged and the result is the appearan
free pions endowed with the corresponding correlations
the opposite extreme, when the reversion to the free scen
is adiabatic, all occupancy numbers~with respect to the
evolving quasiparticle basis! remain constant in time as thes
modes gradually lose their composite character@12#. The re-
sult is then a gas of free pions with a spectral distribut
reflecting the initial temperature of the in-medium quasip
ticle gas. The present study involves the general dynam
scenario lying in between these two idealized extremes.
temporal evolution of the medium can thus cause real e
tations to occur, thereby increasing the number of quasip
ticle quanta present. The result of this complicated evolut
is then a gas of free pions displaying a residue of the ini
in-medium quasiparticle correlations~those considered in
Ref. @11#!, augmented by the pion pairs produced by pa
metric amplification.

These features are illustrated in Fig. 1. In order to emu
a uniform, longitudinally expanding environment, we use
simple time dependence of the effective mass,m2(t)5m2

1(m i
22m2)exp(2t/t0)@11cos(vosct)#/2. With m i52m, t0
1-2
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55 fm/c, and vosc5ms , this expression approximates th
evolution from an initial environment in which the orde
parameter has the values0[^q̄q&'26 MeV ~corresponding
to a temperature ofT0'240 MeV in the semiclassical linea
s model @7#!.

Figure 1 shows how the initial Bose-Einstein quasiparti
occupation numbersNinit ~dot-dashed curve! are being en-
hanced at momenta below'300 MeV/c ~short dashes!. The
resulting peak structure inNfinal is a reflection of the regular
ity of the order parameter oscillations: particular amplific
tion is experienced by the modes that have their freque
vk in the neighborhood of half thes mass, corresponding t
k'260 MeV for ms5600 MeV. The autocorrelation in th
mode occupancies~long dashes! exhibits a similar structure
~since it is given byNN̄). It is noteworthy to mention tha
although the correlation between oppositely moving char
conjugate pion pairs~solid curve! is generally smaller than
the autocorrelation, as Eq.~3! dictates, it acquires a compa
rable magnitude in the region of strongest amplificat
~where the dynamically produced pions dominate over th
originally present!. On the other hand, this correlatio
quickly subsides as the momentum moves ab
'300 MeV/c, bringing out the fact that the effect is con
fined to the soft regime.

The above discussion applies to the idealized scenari
an entirely uniform environment~implying, for example, that
the singles yield is isotropic!. It would be more realistic to
consider a mass function that deviates from the free va
only within a finite volume representing the agitated regio
When the environment has a spatial dependence, the p
experience forces which tend to erode the clear back-to-b
correlation pattern. Thus it is important to ascertain the
portance of this effect.

It was recently shown how the quantum-field treatmen
Ref. @10# can be extended to nonuniform scenarios as w

FIG. 1. The amplification and correlation obtained for an ide
ized spatially constant mass functionm(t) emulating an expanding
scenario that starts from an environment in which the order par
eter iss0'26 MeV ~corresponding toT0'240 MeV). Further ex-
planation is given in the text.
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still within the effective mass approximation@12#. In that
work, an illustrative application was made to a simple on
dimensional scenario, in which the effective mass funct
has a diffuse~Woods-Saxon–like! spatial profile with an
overall temporal modulation that approximates the effect
mass function obtained from dynamical simulations
Bjorken rods as described in Ref.@7#. We have employed
that approach, for the same simplified scenario, to obtain
time evolution of the two-body correlation function and th
result is illustrated in Fig. 2. As expected, the correlati
pattern seen in Fig. 1 has become somewhat eroded, du
the spatial dependence of the mass function, but the b
structure largely persists. Thus there is reason to hope th
may be experimentally observable.

It may be worthwhile to note that the visibility of th
signal may be enhanced if the coincidence rate is divided
the product of the corresponding single-particle rat

^N̂k8
n8N̂k

n&/(^N̂k8
n8&^N̂k

n&). This procedure eliminates the overa
variation due to the dependence of the singles yields on
ergy and angle, and the ratio unity in those kinematical
gions where no correlations are present.

It is also important to emphasize that in each individu
pion-pair emission process, it is entirely random whethe
given partner~e.g., the positive one! goes forwards or back
wards. Thus no overall charge separation occurs, but wh
ever one pion is emitted in one direction then its partne
emitted~approximately! oppositely.

In practice, when making an observation, it is not possi
to identify a single quantum modek. Rather, a collection is
made over a phase-space domain that encompasses
individual modes. In that situation, one may define the

-

- FIG. 2. Contours of the correlation coefficient for pion pairs
opposite charge as a function of the final momenta, for the o
dimensional scenario considered in Ref.@12# which uses a space
and time dependent effective mass emulating the results obtain
Ref. @7# for the expansion of a system with the initial temperature
T05240 MeV and an initial radius ofR055 fm. The contours are
separated by factors of 2.
1-3
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propriate coarse-grained particle number operator,N̂K
n (t)

5(kPKN̂k
n(t), whereK denotes a certain domain ofk val-

ues. The associated coarse-grained correlation coefficie
then of the form

SK8K
n8n [^N̂K8

n8 ~ t !N̂K
n ~ t !&2^N̂K8

n8 ~ t !&^N̂K
n ~ t !&. ~5!

To examine the effect of such a coarse graining, we leK
encompass all positive pions moving forward with a mom
tum up tok0 while K8 includes all negative pions movin
backward with a momentum down to2k0.

Figure 3 shows the resulting coarse-grained correla
coefficient for three scenarios corresponding to different
tial degrees of agitation and restoration. In all cases
coarse-grained correlation coefficient saturates once the
off k0 is above'300 MeV/c, the maximum momentum fo
which the amplification mechanism is effective. Thus there
no gain in signal by extending the cutoff to higher value
while the background increases. In fact, in order to red
contamination fromr decays~see below!, it may be desir-
able to employ a momentum cutoff below 300 MeV/c and
the results suggest that this might well be possible. In
other direction, at the lower momenta, it is practically dif
cult to measure pions withk' much below 100 MeV/c but
these are seen to contribute relatively little to the total sign

Another important feature brought out in Fig. 3 is th
good sensitivity of the signal to the physical scenario. For
relatively moderate range of initial temperatures conside
T05220,240,260 MeV, the initial chiral order paramet
takes on the valuess0519,26,42 MeV and these difference
have become magnified in the resulting correlation sign
This feature demonstrates that the signal is in fact quite s
sitive to the degree of chiral restoration achieved early o

The purpose of this Rapid Communication is to draw
tention to the possible utility of analyzing the large-ang
correlations between soft charge-conjugate pion pairs.

FIG. 3. The coarse-grained correlation coefficient for opposit
moving charge-conjugate soft pions as a function of the cutoff m
mentumk0, for three different initial scenarios.
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focus has been on arguing that one would expect an effec
rather general grounds, based simply on the nonequilibr
evolution of the chiral order parameter which in turn endo
the pion with a temporal modulation of its effective ma
that provides the possibility for parametric amplificatio
Moreover, within the simple linears model, we have tried to
achieve an idea of the magnitude and persistence of the
pected effect. Of course, this ‘‘signal’’ is partially obscure
or eroded by a number of other processes and thus an
tempt to extract it from the experimental data must take ca
ful account of such ‘‘background’’ contributions.

One concern is the possible degradation of the prim
signal in the course of the propagation of the pions as t
leave the interaction zone. As the signal-carrying pions
soft they might easily be deflected significantly by encou
ters with other hadrons in the later stage of the reaction p
cess. However, the very mechanism by which they are p
duced, the oscillatory relaxation of the chiral ord
parameter, guarantees that they appear only relatively
Simple estimates, as well as more elaborate numerical s
ies @12#, show that it takes several to many fm/c for the
amplification mechanism to complete~say 5 fm/c). At this
time, most of the material in the collision zone has alrea
dispersed, so the DCC pions will be born in a relative
empty environment~which deviates from the regular vacuu
principally by the deviation of the order parameter from
vacuum value!. Moreover, since they are soft, they will hav
little chance of catching up with the expanding shell of reg
lar collision debris. Thus, one may expect that the pions
interest will in fact propagate to the detector relatively u
disturbed. These features are rather similar to those of
‘‘Baked Alaska’’ scenario discussed by Bjorken@3#. In this
connection it may be noted that any complications from
liptic flow are expected to be minimized, insofar as t
analysis is being made for pions emitted in the mid-rapid
region of central collisions.

Another important issue concerns the possible presenc
other agencies that may lead to a similar signal and t
obscure the signal of interest. While there are many ph
cally different sources of charge-conjugate pion pairs, for
nately only few lead to strong back-to-back correlations. I
particularly important to discuss the dominant decay
r(770),r→p1p2. Although the two pions are back-to-bac
correlated, they emerge from ar meson at rest with mo-
menta of about 360 MeV/c which is somewhat above th
upper limit of the expected effect (kmax'300 MeV/c).
Moreover, while the decay of ar meson in motion may well
contribute a single pion to the yield below this limit, th
contribution to the coincidence yield is insignificant, ev
when taking account of the finalr width and the in-medium
thermal distortion. Thus, in the relevant domain of s
pions, ther decays are not expected to obscure to the tw
body DCC signal.

It should also be noted that althoughh(550) andv(780)
may contributep1p2 pairs, these all arise in three-bod
decays which renders them only rather weakly correlated
so they should not pose a serious problem.

In conclusion, then, we suggest that the data now be

y
-
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taken at RHIC be analyzed for indications of the describ
signature in the large-angle correlation of soft char
conjugate pion pairs. It may also be worthwhile to scrutin
existing SPS data for this signal. If indeed identified, t
signal may offer a means for probing the degree of ch
restoration achieved and the subsequent DCC dynamics

As a final comment, we wish to note that the conside
effect should also manifest itself in electromagnetic obse
ables, photons, and dileptons. For one thing, the effec
equally well present in the neutral pions which genera
decay into a photon-pair before detection. Though it is i
practical to reconstruct their predecay momenta, the ex
of soft neutral pions should make a corresponding contri
tion to the photon yield. Moreover charge-conjugate p
06190
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n

pairs may annihilate to produce either photons or dilept
and the soft excess pions discussed here would then con
ute accordingly to these observables. Therefore, should
analysis of the charged-pion data suggest the presence o
effect, this finding must be taken into account in the analy
of the electromagnetic signals.
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